An improved model based on Biot poroelastic theory is presented incorporating the initial seepage flow in the matrix. The proposed model quantifies wave propagation in the oil field development process as VSP, transient well tests, and seismic production technology. Porosity variation, fluid-solid compressibility, and pseudo-threshold pressure gradient in low permeability reservoir are simultaneously considered, resulting in a modified form of continuity and motion equations. Integrating the equations and decomposition for the fluid-solid displacements helps to derive the analytical wave vectors of the fast P, slow P, and S waves in porous media. The sensitivity of affecting factors, such as petrophysical parameter, fluid property, and vibration frequency, on the wave velocity and attenuation is subsequently evaluated. Furthermore, the Biot model can be considered a special situation when the initial flow rate in this model tends to zero. The increase in initial percolating rate, expressed by the ratio of initial flow rate and solid scalar potential, causes an obvious decrease in the fast P wave velocity and an increase in its quality factor. Propagation of the slow P wave and the S wave is scarcely influenced. Low vibration frequency and low permeability also contribute to a large difference between the wave propagation parameters of the improved and Biot models. Cognition of the proportion in the inertia and viscosity effects is helpful in analyzing the complicated multiple mechanisms in wave propagation in the actual developed layer.
Introduction
In the development process of low permeability reservoir, acoustic wave or artificial seismic wave inside the wellbore is applied to stimulate fluid percolation and enhance oil recovery in the media saturated with the initial percolating fluid (simplified as seepage media hereafter). This method is called (artificial) seismic production technology or lowfrequency vibration oil extraction technology (Cidoncha 2007; Kurawle et al. 2009 ), which has been tested in many oil fields with certain effects, including increase in injection rate, production rate improvement, and plugging removal. When the technology is used, two processes are involved because of the fluid-solid coupling. One process is wave propagation in the seepage media distinct from that in seismic exploration. The interpretation of wave propagation in seismic exploration is based on general poroelastic theory, with the most classic model proposed by Biot. However, the theory assumes that the media are initially saturated with static fluid. The other process is fluid percolation enhancement by wave-induced solid-fluid relative motion. Research has proven that the wave-induced percolation is relevant in various mechanisms through its influence on the matrix, fluid, and interaction between them.
The latter process has been studied qualitatively or semiquantitatively with mainly experimental methods. Comprehensive experimental studies on the influence of lowfrequency vibration have been conducted by Nikolaevskiy et al. (1996) , Dusseault et al. (2000) , Ariadji (2005) , Wang et al. (2005) , Cidoncha (2007) , and Liu et al. (2012) in terms of the following factors: whole permeability, O/W relative permeability, capillary force, residual oil saturation, connate water saturation, oil viscosity, porosity, and O/W separation. Nevertheless, fewer studies on dynamic model building and mathematic analysis are conducted than on the experimental method. Luo et al. (1996) , Liu et al. (2011), and Shi et al. (2007) analyzed the change in seepage pressure and permeability by incorporating the wave-induced pressure into the motion equation. However, the wave-induced pressure was provided without actual calculation, which made it doubtable or even inaccurate, because the solid-fluid coupling function was not considered. Pan (1999) studied several seepage theory models under wave in his doctoral thesis. In a capillary model, Darcy's law and Biot theory were combined to analyze the dynamic flow without considering the micro-mechanisms. Huh (2006) reviewed the literature on theoretical modeling with simple immiscible fluid and solid continuity equations, and confirmed that reflecting the complex mechanisms with a simple pore-level model and the well-established capillary number correlation is difficult. Frehner et al. (2007) explained the spectrum separation phenomena, which may have been caused by the difference of source frequency and solid natural frequency with 1D wave mechanical model. Vuong et al. (2015) proposed a numerical approach for modeling incompressible flow through a nearly incompressible elastic matrix under finite deformations and derived a general constitutive law based on thermodynamic principles. Dynamic effects were considered, especially the time-and space-dependent porosity relevant to deformation gradient and pore pressure. In addition, studies analyzing the forces that affect oil droplet adhesion to the pore surface are available to interpret the detachment process in a tube model or plate model (Kostrov and Wooden 2008; Shang et al. 2013 ). Many micro-mechanisms have yet to be considered because of the high complexity and difference between the influence on the initial percolating fluid and on the initial static fluid. Hence, developing a new seepage model and conducting studies on the changes in seepage behavior or oil redistribution in fluid-saturated media under elastic wave are essential.
However, related literature on the first process is limited. Most studies about wave propagation have been on applications of civil engineering, mining engineering, marine engineering, seismic exploration, and rock mechanics with the initial static fluid saturation (Fig. 1b) . The Biot (1956) model illustrated the rock consolidation under elastic wave and was one of the representative models. Since then, substantial efforts have been exerted (e.g., Dvorkin and Nur 1993; Grant 1994; Cai et al. 2006; Gan et al. 2007; Kumar and Saini 2012; Reine et al. 2012; Wang et al. 2012) to develop a detailed theoretical model or correlation expression around wave velocity, attenuation, rock type, fluid content, and anisotropy. Although the general Darcy law is shown in the motion equation, the way which Darcy equation is incorporated in the models above is substantially different from that in seismic production technology. The former flow or filtration is induced by changes in the stress field and pore pressure caused by the seismic loading. By contrast, the latter is applied in seismic recovery or field tests (Fig. 1a) assisted with fluctuations in the bottom pressure or wellbore stress, thus, assuming that the initial fluid displacement is not zero. Another difference is that the percolation in former models follows Darcy's law with a fluid acceleration term, whereas the latter may be non-Darcy flow accompanied with a pseudo-pressure gradient (Wang et al. 2016a (Wang et al. , b, 2018 . Certainly, the equations of the Biot model can still be referenced for the same coexistence of the fluid-solid coupling effect. The initial and wave-induced percolations lead to a more complicated flowing mechanism, and the percolating style in seismic production technology is kept diverse.
Thereby, an insight into the effect of the initial percolating fluid on the wave velocity and its attenuation is required, which is the key work of this study. The elastic wave vector in seepage media can be derived by improving the motion equation and the continuity equation, as well as considering the initial seepage potential. In this study, porosity change and fluid-solid compressibility are not neglected in the derivation process. Comparisons about magnitudes between wave velocities can be an evaluative indicator of accuracy and reliability for the improved model. 
Assumption and equations

Assumptions
Most assumptions in the model are the same as in Biot's theory. The media are saturated with a single-phase fluid. Given the high fluctuation power directly in the seepage formation because of seismic production technology, several assumptions are added. First, the matrix is assumed to be purely elastic with a constant constitutive relation owing to the small vibration force of seismic production technology. Then, the single-phase saturating fluid is assumed to be viscous, Newtonian, and compressible. The media are homogeneous, without any particle suspension or fractures, and only consider the porosity change caused by the compressions of fluid and rock skeleton.
Balance equation of motion
For the existence of initial seepage pressure in low permeability layer, the balance equation of motion for the saturated seepage media under vibration can be rewritten as follows (Zienkiewicz et al. 1980; Zhu et al. 2001; Cui et al. 2010 ):
where u and w are the solid displacement and relative fluid displacement respectively; is the Lame coefficient and equals the shear modulus; is another Lame coefficient; is the Biot coefficient; M is a modulus coefficient connected with the matrix modulus; ρ is the average density of porous media; ρ f is the fluid density; P f is the total pore pressure; g is the gravity acceleration; η is the fluid dynamic viscous; ϕ is the porosity; k is the porous permeability; ω is the vibration frequency; 0 is the quasi-threshold pressure gradient; and i l is the pseudo-threshold pressure gradient. The equation denotes the stress-strain relation of seepage media under the action of elastic wave. However, the seepage is influenced by the pseudo-threshold pressure gradient in the low permeability reservoir, which appears in numerous experimental studies. The physical properties, such as modulus of matrix, pseudo-threshold pressure gradient, and fluid viscosity, are influenced by the variables permeability, porosity, and pressure gradient. In addition, in many other studies on (1a)
the Biot consolidation problem in civil engineering and ocean engineering, viscosity is substituted by specific gravity. Thus, viscosity should be distinguished in the study on formation seepage.
Mass balance of fluid and solid
Under vibration, the time derivative of real flow rate in the rock with percolating fluid-saturated equals the mass variation per unit time. The mass balance of fluid or solid is obtained as follows:
where U is the actual fluid displacement, U = U ff + U fs ; U ff and U fs are the fluid displacement in original seepage field and additional fluid displacement by fluctuations, respectively; s is the solid density; q 0 indicates the volumetric inflow or producing rate in the source and sink term.
State equations
The correlation between porosity change, strain, and pore pressure refers to Biot's model (Biot 1956 ). Certainly, pore deformation is affected by the effective mobile radius and the proportion of effective flowing pore, as noted in numerous theoretical and experimental studies (Ariadji 2005; Shang et al. 2013; Li 2010; Bedrikovetsky et al. 2011 ). Therefore, further study on the detailed porosity variation is required. To simplify the calculation, porosity variation can be expressed as a weighted porosity change, d � = d ⋅ . The porosity variation induced by low-frequency vibration is ignored for simple calculation hereafter and equals 1.0. Fluid density is expressed as a function of pressure difference and fluid compressibility or modulus in the mechanics of the seepage flow:
where e is the bulk strain of rock; K f is the bulk modulus of fluid; Q c is a coefficient representing the coupling relationship between volume changes of fluid and solid; is the ratio of the porosity change of porous media caused by low-frequency vibration to the porosity change due to only matrix deformation by the traditional solid-fluid coupling effect.
Modified motion equation and continuity equation considering porosity change and compressibility
In the indoor experimental studies, the changes in physical properties, such as porosity and fluid viscosity, under low-frequency vibrations are sometimes non-ignorable compared with the original media without seismic loading. By contrast, the fluid motion Eq. (1b) and the general continuity equation are derived by Eqs. (2)- (5) with the porosity change and fluid-solid compressibility disregarded. Therefore, the variables in the sum of expansions in Eqs. (2)- (3) can be substituted with those in Eqs. (4)- (5) when porosity change and compressibility are considered. The following equation can then be derived as follows:
Equation (6) is a new whole continuity equation of fluid and solid. The fourth term is the additive volume change that considers porosity change, compressibility, and initial pressure gradient. The total in situ stress is conserved in the inner layer with the application of seismic production technology.
With the gradient of Eq. (4) and the divergence of the right side of Eq. (1b), the Laplacian operator of porous pressure exists in both formulas. The Laplacian operator of porous pressure is deleted, the integration of the formulas with respect to time is performed, and the second-order derivative of fluid swelling-shrinking rate is ignored. A new fluid motion that considers porosity change and fluid-solid compressibility is derived as Eq. (7). The third term on the left side of the equal sign is the additive from Eq. (1b):
Change in the wave vector
Incorporation of the initial seepage potential
Through Helmholtz decomposition (Biot 1956 ), the displacements of solid and fluid can be written as follows. The original flow field is described as a gradient of fluid potential, considering curlψ ff = 0:
where the subscript index P and S represent the components due to longitudinal wave and transverse wave, respectively; the subscript index s and f represent solid and fluid, respectively; the subscript index ff and fs are the displacement in original seepage field and additional displacement by
(8)
w ff = grad ff , w fs = w fsP + w fsS = grad fs + curl fs , fluctuations, respectively; and are the scalar potential in irrotational displacement field and constant-volume displacement field, respectively; the relative displacement of fluid w is also the sum of w ff and w fs . According to the relative displacement relation, the scalar potentials of fluid are expressed as follows:
When the pressure gradient is smaller than the pseudothreshold pressure gradient, the fluid does not flow at the initial state. The wave propagating will be the same as in the Biot model. Consequently, only the situation where the pressure gradient is larger than the pseudo-threshold pressure gradient below is considered.
Substituting above scalar potential into the balance equation of motion Eqs. (1a) and (7), another expression of the Lame motion equation is yielded. The scalar potentials in trigonometric functions are expressed, which are assumed to be Eq. (10) in one-dimensional (1-D) percolation. The potential representing original seepage φ ff is proportional to the original percolating rate q and the flow distance x in 1-D space:
where A i and B i are the corresponding amplitudes of potentials in longitudinal wave and shear wave; l p and l s are the wave vectors of longitudinal wave and rotating wave, respectively; x is the propagating distance of wave; q is the original percolating rate of unit production layer thickness q = Q f ∕H , and when the inertia flow is neglected,
Q f is the percolating rate; and H is the formation thickness.
According to the relation in scalar potentials Eq. (9), the following is obtained: (10)
Derivative of the wave vector
equal to that of Biot's model. When the initial flow rate is neglected, q = 0 , the vector of longitudinal wave is equal to that of Biot's model:
where When the flow velocity qx , which can be measured indoor, and the rock vibration amplitude u S , is known, the concrete wave velocity and wave attenuation (Bai 2006) can be calculated. The rock vibration amplitude u S is proportional to the vector of longitudinal wave and amplitude of solid scalar potential,
Thus, the value of qx∕A 1 can be estimated. In the calculation, the vector of longitudinal wave is solved first and substituted into Eq. (10), and then, the vector of shear wave is solved. The vector of shear wave l S is derived from several imaginary solutions, a fact that is inconsistent with the previous findings. Therefore, the favorable value (maybe, an average value) of l S should be selected to follow the relation v p > v S > 0 and Q S > Q p > 0 . v i and Q i (i = P, S) are the wave velocity and quality factor of i wave, respectively. The wave propagation time t is also assumed to be equal to the wave period to compare the initial fluid displacement and the vibration-induced fluid displacement, of which the ratio is proportional to qx∕A 1 .
Numerical analyses
The wave vector can derive the velocity and attenuation of elastic wave through the seepage media. Further sensitivity analysis under different parameters as petrophysical parameters, fluid property, and vibration frequency is illustrated with numerical simulation. The petrophysical parameters include
porosity and permeability, which are affected by vibration frequency. Fluid property mainly refers to viscosity and fluid density. Comparison is made in contrast with the Biot model through the single-variable method. In addition, the relations of modulus and porosity in Ma's results [Eq. (14)], fit function of pseudo-threshold pressure gradient versus permeability [Eq. (15)], and fit function of viscosity versus vibration frequency [Eq. (16)] are based on the indoor measurement of Ordos natural rocks (Liu et al. 2012; Ma et al. 2011; Zheng et al. 2007 ):
where K S is the bulk modulus of solid particles; K b is the bulk modulus of matrix; G is the shear modulus; 0 is the initial fluid dynamic viscosity; C is the viscosity reduction coefficient; and u S is the given rock vibration amplitude.
Numerical results
The initial specific data of sandstone are shown in Table 1 , referring to the parameters of Monterey sand and Ordos sandstone (Kumar and Saini 2012; Li 2010 ). Attenuation in the seepage media in the figures below is labeled as PER attenuation for the initial pressure gradient, and attenuation in Biot's model is labeled as Biot attenuation.
Ratio of initial flow rate and solid scalar potential and vibration frequency
The ratio of initial flow rate and solid scalar potential qx∕A 1 represents the relative size of initial flow and wave-induced flow. It can illustrate the influence of wave-induced fluid-solid relative motion on the whole percolation. As shown in Fig. 2 , when the low permeability porous media are saturated with percolating fluid, three waves as the fast and slow P waves and the S wave exist. The responses at qx∕A 1 = 0 represent predictions from Biot theory. The initial percolation reduces the P wave propagation with a decrease in velocity and an 
increase in quality factor (Gardner et al. 1964; Jones and Nur 1983) . The fast P wave has the largest change owing to the identical orientation of initial percolation and waveinduced forward motion of the fluid and solid (Lo et al. 2009 ), while the propagations of slow P wave and S wave are scarcely influenced and no longer analyzed. Although the difference is small, the effect by the initial seepage is non-ignorable, especially in circumstances for micro mechanism explanation. Furthermore, a large variation is found with a low vibration frequency. A high frequency accompanies large wave dispersion for the violent relative displacement of fluid-solid and the kinetic energy transformation. The decline in share of the initial percolating energy to the whole energy at high frequency has been the reason for the minor change of P wave velocity from Biot's result. The model matches the experimental result for the variation tendency of nonlinear coefficient in Stroisz and Fjaer (2011) . The non-linear coefficient of elastic wave propagating in drainage porous media is obviously smaller than that in non-drainage media. The drainage and non-drainage media resemble the developed reservoir and the stable undeveloped reservoir, respectively.
Sensitivity of petrophysical parameters The effect of porosity and permeability on wave propagation in seepage media is analyzed in Fig. 3 . Both velocity and quality factor in the modified model increase with the permeability, whereas the velocity of Biot's model barely changes and the attenuation is double logarithmic related with the permeability. The velocity of fast P wave under different permeabilities is obviously lower than that of Biot's model, and the quality factor is larger than that of Biot's model. The difference is larger under a lower permeability, because the initial percolation increases the relative displacement velocity. However, the initial percolation under the different porosity in Fig. 4 has only a slight impact on wave propagation. The modulus changes with porosity, causing a different variation trend of velocity versus porosity from the general result. As porosity increases, the modulus of matrix sharply decreases, which is equivalent to an increased effective stress under a constant total stress leading to a closer compaction of solids. Thereby, velocity increases and quality factor decreases with porosity.
Sensitivity of fluid property According to the simplest wave equation, the velocity of P wave is connected with the shear modulus, lame coefficient, and average density. When the solid density and porosity are constant, the fluid density determines the wave propagation. The relation of fluid density versus fast P wave propagation parameter is presented in Fig. 5 . The velocity in Biot's model is slightly larger than that of the modified model with an ignorable variation, whereas the quality factor in two models is of large difference and the same variation tendency. Figure 6 shows viscosity has an apparent effect on wave propagation. Some values of PER attenuation in Fig. 6b are not shown, because the calculated imaginary part of fast P wave vector in the modified model is sometimes positive. A smooth change in wave propagation exists at a small viscosity, whereas the wave velocity and attenuation decrease sharply at a high viscosity as heavy oil. Meanwhile, the initial percolation has a little influence on the relation of viscosity versus propagation parameters. In summary, a significant difference exists in the dispersion of fast longitudinal wave between the modified model and the Biot model in the initial flow rate, low vibration frequency, and permeability. Fluid viscosity and porosity have weak influence.
Theoretical analysis
The introduction of initial percolation changes the velocity and dispersion of seismic wave during the propagation process. The inertial motion of fluid in particular is strengthened because of the existence of the fluid acceleration term at the right side of Eq. (7). Then, the wave velocity is clearly reduced by the relatively decrease in inertial motion of the solid and the increase in viscosity effect of the fluid. The higher the flow rate, the stronger the inertia effect of fluid compared with the solid. Biot's model can be considered a special situation when the initial flow rate in the modified model tends to zero. Certainly, the low values of the porosity and permeability lead to a minor difference between wave velocities in two models, which are shown above.
As the fundamental parameters affecting the micro-scale of pore size, l 2 = k∕ , change in the porosity or permeability inevitably causes the variation of fast P wave velocity (Muller and Sahay 2010; Feng et al. 2013) . Decrease in porosity and increase in permeability result in an increased micro-scale of pore size. The interleaved amplitude of relative fluid-solid motion is augmented. Moreover, the changes in permeability, porosity, and vibration frequency have a simultaneous effect on other parameters. Multiple factors, including micro-scale of pore size, effective stress, pseudothreshold pressure gradient, and adhesion force, have to be considered to explain the concrete variation tendency. Hence, the mechanisms of wave propagation in an actual layer saturated with initial percolating fluid are more complicated than in Biot theory. Cognition of the changing proportion in the viscosity effect and inertia effect of fluid-solid is also especially helpful for the sensitivity analysis of viscosity and vibration frequency. A high drag force owing to the increased viscosity decreases the relative motions of fluid-solid regardless of the forward or conjugate motions. High frequency leads to a sharply increased inertia motion of solid, regardless of its ability to decrease the fluid viscosity to some extent.
Conclusions
The propagation model of elastic waves in porous media with the initial percolation is established for application of seismic production technology in a low permeability reservoir. Modifying the continuity equation and motion equation and adding the scalar potential of initial flow help to derive the analytical wave vectors of the P-and S waves. The Biot model is be considered a special situation when the initial flow rate in this model tends to zero. Owing to the coupling of the initial seepage and elastic wave fields, the velocity and quality factor of fast wave are affected by different parameters, such as petrophysical parameters, fluid property, and vibration frequency, wherein the high initial percolating rate, low vibration frequency, and low permeability contribute to a large difference between the modified and Biot's models.
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